. In the present study, we investigated the ability of chronic acidosis and GPR4 to regulate HK␣2 expression in HEK-293 cells. Chronic acidosis was modeled in vitro by using multiple methods: reducing media pH by adjusting bicarbonate concentration, adding HCl, or by increasing the ambient concentration of CO 2. PKA activity and HK␣2 protein were monitored by immunoblot analysis, and HK␣ 2 mRNA, by real-time PCR. Chronic acidosis did not alter the expression of HK␣ 2 mRNA; however, PKA activity and HK␣ 2 protein abundance increased when media pH decreased from 7.4 to 6.8. Furthermore, this increase was independent of the method used to create chronic acidosis. Heterologous expression of GPR4 was sufficient to increase both basal and acid-stimulated PKA activity and similarly increase basal and acidstimulated HK␣ 2 expression. Collectively, these results suggest that chronic acidosis and GPR4 increase HK␣ 2 protein by increasing PKA activity without altering HK␣ 2 mRNA abundance, implicating a regulatory role of pH-activated GPR4 in homeostatic regulation of HK␣ 2 and acid-base balance.
In the present study, we investigated the ability of chronic acidosis and GPR4 to regulate HK␣2 expression in HEK-293 cells. Chronic acidosis was modeled in vitro by using multiple methods: reducing media pH by adjusting bicarbonate concentration, adding HCl, or by increasing the ambient concentration of CO 2. PKA activity and HK␣2 protein were monitored by immunoblot analysis, and HK␣ 2 mRNA, by real-time PCR. Chronic acidosis did not alter the expression of HK␣ 2 mRNA; however, PKA activity and HK␣ 2 protein abundance increased when media pH decreased from 7.4 to 6.8. Furthermore, this increase was independent of the method used to create chronic acidosis. Heterologous expression of GPR4 was sufficient to increase both basal and acid-stimulated PKA activity and similarly increase basal and acidstimulated HK␣ 2 expression. Collectively, these results suggest that chronic acidosis and GPR4 increase HK␣ 2 protein by increasing PKA activity without altering HK␣ 2 mRNA abundance, implicating a regulatory role of pH-activated GPR4 in homeostatic regulation of HK␣ 2 and acid-base balance. GPR4; kidney; metabolic acidosis; PKA THE KIDNEY PLAYS AN ESSENTIAL role in acid-base balance and defends the body against chronic metabolic acidosis (CMA), a condition that commonly complicates chronic kidney disease (CKD) and has adverse effects on bone, nutrition, and metabolism. Beyond its manifestation in CKD, CMA impacts the pathology of numerous other organ systems and diseases including cardiac function and heart disease as well as osteopenia, sarcopenia, and stunting of growth and development (34) . Therefore, improved understanding of the specific mechanisms by which the kidney responds to changes in systemic pH has potentially far-reaching clinical consequences. While many aspects of the adaptive response by the kidney to changes in pH and acid load are appreciated, our understanding of the afferent mechanisms that sense changes in pH, and link to efferent mechanisms that mediate the cellular response to acidosis, remains incomplete.
The preeminent role of the kidney in the regulation of acid-base homeostasis is in upregulating net acid excretion and bicarbonate reabsorption in response to metabolic acidosis (34) . The cAMP-protein kinase A (PKA) signaling pathway has emerged as a critical regulator of cellular localization and function of H ϩ transporters. Recent evidence from our group and others suggests a critical role for PKA in the maturation and function of the H ϩ -K ϩ -ATPase ␣-subunit (HK␣ 2 ) and H ϩ -ATPase, a mechanism that involves phosphorylation at key serine residues (3, 11, 32) .
Recently, a small number of G protein-coupled receptors (GPCRs) have been identified whose activation is stimulated by a reduction in extracellular pH, prompting the designation "proton-sensing" receptors. One of these putative proton-sensing GPCRs, GPR4 (39) , is an upstream activator of cAMP-PKA signaling. Preliminary studies in our laboratory implicate GPR4 in the upregulation of proton transporters in the collecting duct of the kidney. Together with existing literature data on the activation of other proton-translocating ATPases, these findings indicate the presence of an underlying signaling network involved in coordinating the renal adaptive response to acidosis.
We recently reported that deletion of GPR4 in vivo was associated with a reduction in net acid excretion and a relatively alkaline urine pH, in parallel with a spontaneous nongap metabolic acidosis (42), thus providing evidence for an acidification defect in this model. Moreover, some of the features of the renal acidification defect in GPR4Ϫ/Ϫ resemble that reported for mice with deletion of one of the genes which encode for the rate-limiting bicarbonate transporter AE1 in the kidney collecting duct (36) .
HK␣ 2 mRNA and protein abundance has been demonstrated to increase in response to chronic hypokalemia in renal cortex and medulla, as well as in mouse outer medullary collecting duct (OMCD) and inner medullary collecting duct (IMCD) cells in culture (30) . Additionally, HK␣ 2 appears to be upregulated in rodent kidney in response to a number of other stimuli, including metabolic acidosis (37, 43, 44) , respiratory acidosis (16), chronic metabolic alkalosis (with hypokalemia) (15) , development of the newborn (9, 12), and potassium depletion (1, 7, 20) . Expression and functionality of proton transporters in different experimental models, including HK␣ 2 , have been attributed to both transcriptional and posttranscriptional events (2, 6, 11, 14, 24, 45 (27) and Radu et al. (35) demonstrated that GPR4 expressed in HEK-293 cells induces accumulation of intracellular cAMP when the cells are challenged with a low extracellular pH. As a cAMP-generating/PKA-activating receptor, GPR4, therefore, has the potential to upregulate transporters in the collecting duct as an adaptive mechanism in response to acidosis.
The present study was designed to explore 1) whether HK␣ 2 expression is regulated by chronic acidosis; 2) whether the regulation is posttranscriptional; and 3) the role of GPR4 in HK␣ 2 protein expression during metabolic acidosis.
METHODS
Cell culture and transfection. HEK-293 cells were grown at 37°C in DMEM media containing 10% newborn calf serum in the presence of 5% CO2 as described previously (10, 11). HEK-293 cells were transfected with rat HK␣2 in pcDNA3.1(ϩ)-Neo and rat NK␤1 in pcDNA3.1(ϩ)-Zeo (8, 23) using the Lipofectamine PLUS method (10, 11) and selected with 250 g/ml of G418 and 250 g/ml zeocin. Individual colonies were isolated and tested for expression of HK␣2 and NK␤1 by immunoblot analysis (7) . Human GPR4 (pcDNA3GPR4) was transiently transfected into HEK-293 cells stably expressing HK␣2/NK␤1.
Immunoblot analysis. Immunoblot analysis was performed as described previously (7) . Cell lysates were generated by scraping into 10 mM Tris·HCl, pH 8.0, 1 mM EDTA, 3 mM benzamidine, 1 mM PMSF, 1 g/ml soybean trypsin inhibitor, and 1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate and incubating for 1 h at 4°C. Insoluble material was removed by centrifugation, the supernatant was retained, protein concentration was measured as described previously (26) , and 75 g of supernatant protein was subject to immunoblot analysis as described elsewhere (7) . Equal loading of the lanes was verified by staining with Ponceau red or ␤-actin quantification. The bands were detected and quantified using an Odyssey Infrared Imaging System (Li-Cor) (11, 21).
Real-time PCR. HEK-293 cells were scraped, collected by centrifugation, and washed with PBS at 4°C. RNA was isolated using RNAzol B (TelTest) as described previously (14) . The total RNA concentration was quantified, converted to cDNA, and real-time PCR was performed using the Taqman system (Applied Biosystems) as described elsewhere (22) . The cycle threshold (Ct) was calculated with MxPro software.
Induction of chronic acidosis by reduction of media HCO 3
Ϫ concentration. Confluent HEK-293 cells stably expressing HK␣2/ NK␤1 or m-IMCD-3 cells were incubated in media containing decreasing concentrations of NaHCO3 (from 40 to 1.25 mM) for 24 h in a 5% CO2 incubator using serum-free DMEM media supplemented with 50 mM HEPES preadjusted to pH 7.5. Ionic strength of the media was corrected with NaCl. At the end of the experiment, the extracellular pH was measured with a pH meter and ranged from ϳ7.4 (at 40 mM NaHCO 3) to ϳ6.8 (at 1.25 mM NaHCO3).
Reversibility of chronic acidosis on HK␣2 protein expression.
To determine whether reversing CMA affects HK␣ protein expression, we performed the following experiment, in which the media of all cells was changed every 24 h. The first group of cells was maintained at extracellular pH ϳ7.4 for 48 h. In the second group, the extracellular pH was maintained at 7.4 from 0 to 24 h and then decreased to extracellular pH 6.8 for 24 h (24 -48 h) by manipulation of NaHCO 3 concentration as described above. In the third group, cells were maintained at an extracellular pH of 6.8 from 0 to 24 h and then changed to extracellular pH 7.4 from 24 to 48 h. In the fourth group the cells were maintained at a constant extracellular pH of 6.8 for 48 h.
Model of chronic metabolic acidosis induced by addition of HCl. Cells were incubated in serum-free DMEM media containing 25 mM NaHCO 3 with increasing concentrations of HCl (from 0 to 10 mM) for 24 h in 5% CO2. Ionic strength of the media was corrected with NaCl. At the end of the experiment, the extracellular pH was measured with a pH meter and ranged from ϳ7.4 (at 0 mM HCl) to ϳ6.8 (at 10 mM HCl).
Model of respiratory acidosis. Cells were incubated for 24 h in serum-free DMEM media containing 25 mM NaHCO 3 in a CO2 incubator providing either 5 (control) or 10% (high) CO2.
Antibodies and other reagents. Anti-HK␣2 antibody was developed and characterized previously by our laboratory (7) . Monoclonal p-VASP/VASP was purchased from Pharmigen, and forskolin from Fisher Scientific. Taqman probes to quantify HK␣ 2 and GAPDH mRNA were purchased from Applied Biosystems. All other agents were from Sigma or previously identified sources (11). For data analysis, mean Ϯ SE final pH values were calculated for both media pH and the corresponding measured outcome (e.g., HK␣ 2 expression).
Statistical analyses. All statistical analyses were performed using SigmaPlot 11.0. P values Ͻ0.05 were considered significant. (25) [encoded in pcDNA3.1(ϩ)-zeo] as described previously (11). Cells grown to confluence were exposed for 24 h to a decrease in extracellular pH by reducing media NaHCO 3 concentration. A representative blot (Fig. 1A ) and mean data (Fig. 1B) Fig. 1C , cells were incubated in media pH 6.8 for 0, 3, 6, 12, or 24 h, and lysates were harvested for immunoblotting HK␣ 2 and ␤-actin. Figure 1D depicts the graph of means Ϯ SE data from three independent experiments.
RESULTS

Chronic acidosis induced by reduction of media HCO
Upregulation of HK␣ 2 by chronic acidosis is reversible. To test the reversibility of the upregulation of HK␣ 2 promoted by chronic acidosis, cells were treated for 24 h in media pH 6.8, then washed and refed media pH 7.4 for another 24 h. Figure 2A depicts a representative blot demonstrating that induced HK␣ 2 levels return to baseline if returned to media pH 7.4, yet remain elevated if media pH is sustained at pH 6.8. Figure 2B depicts the means Ϯ SE values from three independent studies in which the fold-increase in HK␣ 2 is calculated for each condition.
Upregulation of HK␣ 2 protein is a robust phenomenon, induced by multiple means of decreasing extracellular pH. To further explore the effect of extracellular pH on HK␣ 2 expression, serum-free media (containing 25 mM NaHCO 3 ) pH was reduced by sequentially adding increasing concentrations of HCl (0 -10 mM) for 24 h in a 5% CO 2 incubator.
The results of a representative experiment are displayed in Fig. 3A , and means Ϯ SE values for the fold-increase in HK␣ 2 abundance from three independent studies are displayed in Fig. 3B . In the experiments displayed in Fig. 3C , cells were grown for 24 h in serum free-media under conditions of 5 or 10% CO 2 to produce the indicated media pH of 7.4 and 7.0. In Fig. 3D , means Ϯ SE values from three independent studies are depicted. Results demonstrate that these two approaches for imposing chronic acidosis also Fig. 1 . Chronic acidosis induced by reduction in media bicarbonate concentration increases the H ϩ -K ϩ -ATPase ␣-subunit (HK␣2) protein, but not time-dependent mRNA abundance. HEK-293 cells stably expressing HK␣2/NK␤1 as described previously, were exposed for up to 24 h to reduced extracellular pH by reducing media NaHCO3 concentration. Cell lysates were subsequently harvested and subjected to immunoblot analysis of HK␣2 and ␤-actin (used to verify similar loading) as described in METHODS. Bands from immunoblots were detected and quantified using the Odyssey Infrared Imaging System (Li-Cor). A: representative blot in which media pH was progressively reduced by reducing media HCO 3 Ϫ concentration at the beginning of the experiment; lysates were harvested after 24 h. B: fold-change in HK␣2 abundance relative to the value determined at pH 7.4 were calculated, and data were plotted as a function of media pH (media pH was measured at time of lysate harvest, means Ϯ SE values were calculated, and 6 points, with X and Y error bars, were plotted); n ϭ 23. C: immunoblots for HK␣2 and ␤-actin of lysates harvested from cells maintained in media pH 6.8 for different durations. D: values are means Ϯ SE of HK␣2 from 3 different experiments. Fig. 2 . Acidosis-induced increase in HK␣2 protein is reversible. A: cells were maintained in media pH ϳ7.4 or ϳ6.8 as indicated for 24 h, and then media was removed and replaced by media pH ϳ7.4 or ϳ6.8. Indicated pH values represent those measured for media after either the first (0 -24 h) or second (24 -48 h) 24-h treatment period. Cell lysates were harvested after each treatment period and subjected to immunoblot analysis of HK␣2 and ␤-actin as described in METHODS. B: values are means Ϯ SE from 3 independent experiments. **P Ͻ 0.01. increase expression of HK␣ 2 protein, similar to the effect of titrating media bicarbonate (Fig. 1) . 2 . It has been suggested that soluble adenylyl cyclase (sAC)-regulated cAMP signaling may constitute a general sensing mechanism for regulating H ϩ -ATPase-mediated proton transport (31) and is inhibited by acetazolamide (19) . As applied in the current study, reductions in media pH caused by either reduction of bicarbonate or addition of HCl would decrease rather than increase cellular bicarbonate levels. Since sAC appears to respond to an increase in intracellular HCO 3 Ϫ concentration, we therefore tested the effect of acetazolamide on the observed induction of HK␣ 2 by increasing the ambient concentration of CO 2 in the incubator with and without inhibition of carbonic anhydrase. As shown in Fig. 4, A and B , while an increase in CO 2 concentration in the incubator clearly increased the abundance of HK␣ 2 , application of 100 M acetazolamide had no effect on the induction of HK␣ 2 by CO 2 .
Inhibition of carbonic anhydrase during respiratory acidosis does not affect abundance of HK␣
Stimulators of PKA upregulate HK␣ 2 protein, and decreasing extracellular pH increases PKA activity. Despite the apparent lack of a mechanistic role for soluble adenylyl cyclase Fig. 3 . Different methods of media pH reduction promote increased HK␣2 protein abundance. A: media pH was adjusted as indicated by addition of HCl. B: experiment was repeated 3 times, and fold-increase in HK␣2 vs. extracellular pH is shown. C: cells were cultured in incubators set for 5 or 10% CO2 to achieve a media pH of 7.4 or 7.0, respectively. D: values are means Ϯ SE for fold-increase in HK␣2 at 10 vs. 5% CO2 from 3 independent experiments. ***P Ͻ 0.001. in mediating the observed upregulation of HK␣ 2 in the current studies, the potential role of PKA in this phenomenon was further examined. Consistent with previous studies from our laboratory (11), 24 h of treatment with activators of intracellular PKA activity forskolin (FSK) or dibutyryl-cAMP (dbcAMP) increased HK␣ 2 protein expression in stably transfected cells. A representative experiment is displayed in Fig. 5A . Figure  5B depicts means Ϯ SE values (n ϭ 3) for the fold-increase in HK␣ 2 induced by the indicated agent/pH. Decreasing media pH was shown to rapidly increase intracellular PKA activity (demonstrated by the increase in the 50-kDa band of PKA substrate VASP) (5, 21) (Fig. 5, C and D) , although phospho-VASP levels induced by reduced extracellular pH were not as great as those induced by FSK.
GPR4 expression increases basal and acid-induced PKA activity, HK␣ 2 expression. We previously demonstrated the mice lacking GPR4 exhibit spontaneous metabolic acidosis, and GPR4 heterologously expressed in HEK-293 cells stimulates cAMP generation in response to a reduction in extracellular pH (42) . Accordingly, GPR4 may contribute to homeostatic acid-base regulation by upregulating the expression of (PKA-regulated) transporters in response to acid load. We therefore tested the capacity of GPR4 to activate PKA and promote HK␣ 2 upregulation in HEK-293 cells stably expressing HK␣ 2 . Figure 6A is a representative immunoblot demonstrating that GPR4 overexpression in these cells was sufficient to increase basal PKA as well as acid-stimulated PKA activity; means Ϯ SE values from three independent experiments are displayed in Fig. 6B . Moreover, HK␣ 2 expression in GPR4-expressing cells was higher than in vector-transfected control cells when cultured in media pH 7.4. A progressive reduction in media pH to 6.8 further augmented HK␣ 2 relative to that observed in vector-transfected control cells (Fig. 6, C and D) .
Regulation of endogenous HK␣ 2 expression by extracellular pH.
The m-IMCD-3 cell line is derived from murine IMCD cells and can serve as a system for analysis of regulation of endogenous HK␣ 2 expression. We previously demonstrated a high level of expression of GPR4 mRNA in m-IMCD-3 cells as well as in tissue from the mouse IMCD (41) . We therefore grew m-IMCD-3 cells to near confluency, rendered them quiescent by incubation in serum-free media for 24 h, then reduced media pH by manipulation of bicarbonate concentration and cultured cells for another 24 h. Figure 7A shows a representative immunoblot that demonstrates that progressive reduction of extracellular pH from ϳpH 7.5 to ϳpH 6.8 increased HK␣ 2 expression. Means Ϯ SE values from three independent experiments are displayed in Fig. 7B . As was the case in experiments examining regulation of (recombinant) HK␣ 2 , this increase in protein expression was not associated with an increase in mRNA levels (HK␣ 2 mRNA increased 0.2ϩ0.2-fold in m-IMCD-3 cells subject to reduced extracellular pH; n ϭ 5).
DISCUSSION
The present study reports the novel finding that a reduction in extracellular pH increases HK␣ 2 expression, via a posttranscriptional mechanism. The capacity of the proton-sensing GPR4 receptor to mediate such pH-dependent regulation is further demonstrated.
Importantly, we demonstrate that pH-dependent regulation of HK␣ 2 is a robust phenomenon that is effected by multiple means when a heterologous expression system for HK␣ 2 is used. Moreover, reducing extracellular pH also increases endogenous HK␣ 2 expression in the murine collecting duct cell line m-IMCD-3. Three different methods to reduce extracellular pH caused an increase in HK␣ 2 protein expression: 1) reducing HCO 3 Ϫ concen- tration of the media (Fig. 1) ; 2) adding HCl to the media (Fig. 3,  A and B) ; or 3) increasing the concentration of CO 2 in the incubator (Fig. 3, C and D) in HEK-293 cells stably transfected with HK␣ 2 plus NK␤ 1 . The effect is reversible since, after termination of acidosis, HK␣ 2 protein abundance returns to basal levels (Fig. 2) . The changes in HK␣ 2 protein occur without change in the expression of HK␣ 2 mRNA. The observed upregulation of HK␣ 2 is consistent with our previous study, which revealed that cAMP-generating agents increased plasma membrane expression of HK␣ 2 via a PKAdependent, posttranscriptional mechanism. We used multiple approaches to establish that PKA activation and phosphorylation of HK␣ 2 promote its maturation and plasma membrane expression, without changes in HK␣ 2 mRNA levels (11). Moreover, the rate of degradation was similar for ( 35 S-methionine/cysteine-labeled) wild-type HK␣ 2 , HK␣ 2 (S 955 /A) (an HK␣ 2 mutant in which the critical PKA substrate Ser955 is mutated to an alanine), and the HK␣ 2 (S 955 /D) mutant (mutation to aspartate mimics phosphorylation), suggesting that the posttranslational mechanism involved PKA phosphorylation of HK␣ 2 and affected the early stages of new protein synthesis, possibly minimizing the amount of nascent misfolded protein.
Well-documented examples of other transport proteins and channels in the distal tubule and collecting duct, which are regulated by phosphorylation, include the water channel aquaporin (17) and several sodium transport proteins (28, 38) . Accumulating evidence emphasizes a critical role for phosphorylation of the water channel aquaporin-2 for membrane trafficking and endosomal recycling, both as a feature of its physiological response to vasopressin as well as participation in the pathophysiological mechanism of human nephrogenic diabetes insipidus (4, 18) . The activity of sodium transporters Na-K-2Cl cotransporter (in the thick ascending limb of Henle's loop) and Na-Cl cotransporter (in the distal tubule) are predominantly regulated through phosphorylation/dephosphorylation by specific kinases and phosphatases. Abnormalities in these transporters have been shown to cause inherited forms of blood pressure regulation and electrolyte abnormalities, Bartter's, Gitelman's, and Gordon's syndromes, respectively. Moreover, in addition to our observations with HK␣ 2 , as mentioned above (11), Pastor-Soler's laboratory (3) recently reported that V-ATPase subcellular localization, and therefore, its activity in intercalated cells, may be coupled to acid-base status via PKA, and metabolic status via AMPK.
In the present study, we note that reducing extracellular pH caused a modest, but consistent increase in intracellular PKA activity as evidenced by increased phosphorylation of the PKA substrate VASP. Although the mechanism(s) by which a decrease in extracellular pH stimulates intracellular PKA activity and HK␣ 2 expression is unclear, recent studies have identified a subfamily of pH-sensitive GPCRs (reviewed in Ref. 27 ). Within this subfamily are two Gs-coupled receptors, T cell death-associated gene 8 (TDAG8) and GPR4, that stimulate cAMP accumulation when acutely exposed to a reduction in media pH. Real-time PCR suggests extremely low TDAG8 mRNA levels in murine whole kidney, whereas GPR4 mRNA levels are high (Ref. 41 and Sun X and Petrovic S, unpublished observations). We (41) recently demonstrated 1) a role for GPR4 in the homeostatic regulation of acid-base balance; 2) acid-stimulated cAMP accumulation in HEK-293 cells transfected to express GPR4; and 3) a reduction in acid-stimulated cAMP in OMCD cells in which GPR4 is knocked down by small interference RNA. To explore the capacity of GPR4 to mediate an increase in HK␣ 2 expression in response to media acidification, we transfected our HEK-293 cells stably expressing HK␣ 2 . We observed that (over)-expression of GPR4 alone was sufficient to increase intracellular PKA activity and HK␣ 2 expression. In addition, GPR4-expressing HEK-293 cells were more responsive to reductions in extracellular pH by increasing HK␣ 2 expression.
Although our previous study demonstrated only minor production of intracellular cAMP in untransfected HEK-293 cells exposed to acid pH (41), the increase in phospho-VASP levels following reduction in extracellular pH strongly suggests intracellular PKA activation, perhaps mediated by a compartmentalized cAMP signal not readily detected in assays of whole-cell cAMP accumulation. Compartmentalized cAMP signaling is mediated via A-kinase anchoring proteins (AKAPs), which function as a scaffold for PKA as well as PKA substrates and regulatory molecules (40) . What transduces the extracellular stimulus (reduction in media pH) into an increase in intracellular cAMP and PKA activation in HEK-293 cells is presently unclear. Although endogenous GPR4 or TDAG8 are possibilities, their proteins are not detectable with available antibodies (not shown) and their mRNA levels are also low (not shown), again suggesting either very low or absent expression. An alternative explanation is the existence of another "proton sensor" such as intracellular Pyk2, previously shown to mediate an increase in Na/H exchanger type 3 in response to acidosis (24) . However, the mechanism of Pyk2 activation by a reduction in extracellular pH remains unclear and probably does not involve PKA (24) .
The precise mechanism by which reduced extracellular pH causes an increase in the abundance of HK␣ 2 remains to be established. Our findings with acetazolamide during high ambient CO 2 suggest that changes in intracellular HCO 3 Ϫ (and therefore, sAC), may not be involved. We recognize, however, that this view is based on the assumption that acetazolamide, which was present throughout the incubation period, completely inhibited carbonic anhydrase and that the generation of HCO 3 Ϫ from the uncatalyzed reaction was minimal. Although a role for endogenous GPR4 in mediating the upregulation of HK␣ 2 in HEK-293 by acid pH cannot be readily discerned, heterologously expressed GPR4 can be shown to mediate the same effect of extracellular pH in this system (Fig. 5B) . In addition, m-IMCD-3 cells, which express GPR4 and increase intracellular cAMP in response to media acidification (Petrovic S, unpublished observations), exhibit a progressive increase in HK␣ 2 expression as pH is reduced from ϳpH 7.5 to pH ϳ6.8, which corresponds to the dynamic range of GPR4 activation. Thus GPR4 may function as a potential proton-sensing mechanism in collecting duct cells. That this potential pH sensor plays an important role in the defense against metabolic acidosis was suggested by the recent observation that GPR4-deficient mice develop spontaneous nongap metabolic acidosis in the face of defective net acid excretion. GPR4 knockout mice also excrete an inappropriately alkaline urine pH, when corrected for the degree of systemic acidosis, compared with wild-type mice.
Although the present study established the ability of a reduction in extracellular pH to induce HK␣ 2 in two different cell models (one derived from the collecting duct), additional studies are needed to clarify: 1) the relative contribution of GPR4 to this induction in relevant renal cells and tissues in which other putative proton-sensing mechanisms may participate; and 2) the specific role of PKA in mediating the pH-and GPR4-dependent induction. These latter studies will require an effective means of inhibiting PKA in primary cells/tissue or collecting duct cell lines, a challenging task given the poor transfection efficiency of such cells, and traditionally inherent problems in selectively and significantly inhibiting PKA in intact cell systems (21, 29, 33) . Whereas the recent findings of Sun et al. (41, 42) implicate a physiological requirement for GPR4 in the renal control of acid-base balance, it would not be surprising that other mechanisms, acting through distinct pathways on various renal transporters, exist to facilitate the ability of the organism to defend against metabolic acidosis.
